Two of the adenovirus capsid proteins, the fiber and the hexon, complexed with either KB cell or type 5 adenovirus deoxyribonucleic acid (DNA). Maximal binding occurred at 0.01 M NaCl; increasing the ionic strength of the reaction mixture to 0.2 M NaCl resulted in a decrease in the association of either antigen to DNA. Variations of pH between 6.3 and 8.4 did not affect the binding of fiber antigen to DNA. Below pH 7.5, however, there was a small decrease in the ability of the hexon to bind nucleic acid. The association between the adenovirus structural proteins and DNA was reversible and was independent of whether the DNA was native or denatured. The fiber or hexon protein inhibited the DNA-dependent ribonucleic acid (RNA) polymerase and the DNA polymerase from KB cells. On a weight basis, the fiber protein inhibited enzymatic activity to a greater extent than the hexon. Increasing the template DNA concentration decreased this inhibition. The inhibition of the DNAdependent RNA polymerase activity by either antigen could be reversed by increasing the ionic strength of the reaction mixture. After infection of KB cells with type 5 adenovirus, the levels of DNA and RNA polymerases remained unchanged for 15 to 20 hr. Thereafter, the specific activity of both enzymes decreased. By 30 hr postinfection, the polymerase activities were only about 30%O of the enzyme activities in uninfected cells.
The fiber antigen, but not the hexon, from type 5 adenovirus inhibits multiplication of adenovirus, poliovirus, and vaccinia virus (25, 29) . This phenomenon could not be attributed to inhibition of viral attachment, penetration, or uncoating. Highly purified fiber antigen blocks deoxyribonucleic acid (DNA), ribonucleic acid (RNA), and protein biosynthesis beginning 20 hr after its addition to either uninfected or adenovirusinfected KB cells (25) . The fiber antigen inhibits poliovirus replication even when RNA production in an antigen-treated cell is markedly reduced by actinomycin D (25) . These data imply that the fiber antigen can act on some cellular biosynthetic process and, unlike interferon (21, 31) , does not require the synthesis of one or more proteins for its effect.
The fiber antigen has been reported to be a basic protein which is found associated with DNA 1 A preliminary report of this investigation was presented at the Annual Meeting of the American Society for Microbiology, Los Angeles, Calif., 1966. Presented to the Faculty of the Graduate School of Arts and Sciences of the University of Pennsylvania in partial fulfillment of the requirements for the PhD. degree by A. J. Levine. 2Present address: California Institute of Technology, Division of Biology, Pasadena, Calif. 91109. in crude cell extracts (2) . Some basic proteins have been shown to possess unique biological properties and to inhibit the biosynthesis of nucleic acids both in vivo and in vitro. For example, Bukrinskaya et al. (8) reported that a class of histones inhibit RNA synthesis in chick embryo fibroblasts in cell culture and that these treated cells do not support either the propagation of fowl plague virus or the synthesis of viral RNA or hemagglutinin. Histones, as well as other basic proteins such as polylysine, can also inhibit the activities of DNA and RNA polymerases in vitro (1, 4, 20, 23) . It was the objective of this investigation to study the mechanism by which fiber antigen inhibits intracellular DNA, RNA, and protein synthesis. Evidence will be presented to show that, although only fiber antigen can attach to intact KB cells (25) , both antigens, fiber and hexon, can complex in vitro with KB cell DNA and type 5 adenovirus DNA. This noncovalent association of the viral proteins with DNA in vitro inhibits the activities of DNA-dependent RNA polymerase and DNA polymerase.
MATERIALS AND MErHODS
Viruses. The prototype strain of type 5 adenovirus (24) calf or human serum by methods previously described (10, 11) . Preparation of virus. Cells in suspension cultures were resuspended at a concentration of approximately 300,000 cells/ml of MEM supplemented with 5%AC, calf serum. Cells were infected at an input multiplicity of about 100 plaque-forming units (PFU) per cell, and they were harvested after incubation at 36 C for 36 to 40 hr. The cells were concentrated 10-fold in maintenance medium (17) , and the virus was released by six cycles of freezing and thawing. The clarified viral suspensions were stored at -28 C.
Preparation of antiserum. Rabbits were immunized with 10-fold concentrated extracts of KB cells infected with type 5 adenovirus. Three intramuscular injections were given with Freund's complete adjuvant (Difco) on days 0, 12, and 26 in amounts of 4, 2, and 2.5 ml into each hind leg. The rabbits were bled 15 days after the last injection.
Purificationi of adentovirus. Adenovirus was purified according to the procedure of Wilcox and Ginsberg (32) .
Purification ofadenovirus antigens. The purification procedure and the criteria for the purity of the adenovirus antigens were described previously (25) .
Purification of DNA. KB cell DNA was extracted and purified by the procedure of Marmur (27) . When this DNA was used as a primer for DNA and RNA polymerases, several additional steps were included. The DNA was extracted two times with watersaturated redistilled phenol. The phenol was removed with ether which had been treated with aluminum oxide, and the ether was removed by blowing nitrogen over the DNA solutions.
Adenovirus DNA was extracted from purified virus by a modification of the procedure of Borenfreund et al. with the following steps: 1% sodium dodecyl sulfate (SDS), for 30 min at 4 C to disrupt the virions; 0.25 M 2-mercaptoethanol, shaken for 30 min at 4 C; pronase, 1 mg/ml, shaken for 60 min at 37 C. DNA was then extracted with phenol as described above for KB cell DNA; after removal of the phenol, the DNA was precipitated with 2 volumes of ethyl alcohol.
Chemical determination ofDNA and protein. DNA was measured by the Burton (9) (25) .
Measurement of the association of viral proteins and DNA. A typical reaction mixture contained 0.1 ml of purified protein (25) at the concentration designated in each experiment, 0.1 ml of isotopically labeled purified DNA, 0.1 ml of diluent, and 0.2 ml of undiluted antiserum. Unless specified, the diluent was adjusted to give a final concentration of 0.01 M NaCI. Usually, the first three components were mixed and incubated at 37 C for 10 min; an excess of type 5 adenovirus antibody was then added. The complete reaction mixture was incubated at 37 C for an additional 1.5 hr, and the precipitate which formed was sedimented by centrifugation at 1,000 X g for 30 min at 4 C. The supernatant fluid was assayed to determine the quantity of radioactive DNA that was unassociated with the antigen-antibody complex. Preimmune rabbit serum was used in place of specific antiserum in reaction mixtures prepared as described above to determine the 100% value of unassociated DNA. (14) . About 1010 cells were suspended in 50 mM tris(hydroxymethyl)aminomethane (Tris)-chloride, pH 8.1, and 5 mM 2-mercaptoethanol, and the suspension was homogenized at 16,000 rev/min in a Servall Omni-mixer for 30 to 60 sec. The homogenate was centrifuged at 100,000 X g for 30 min, and protamine sulfate was added to a final concentration of 0.15% to the supernatant fluid. The protamine sulfate precipitate was extracted twice with 0.1 M sodium succinate buffer at pH 6.0 and then twice with 0.5 M sodium succinate, pH 6.0. All buffers contained 5 mM 2-mercaptoethanol. To both succinate solutions (0.1 and 0.5 M), a saturated ammonium sulfate solution, pH 7.0, was added to 40% saturation. The resulting precipitates were collected, and the supernatant fluid of the 0.1 M succinate solution was adjusted to 60%o (NH4)2SO4 saturation. All three (NH4)2SO4 precipitates (0.1 M succinate, 0 to 4070 and 40 to 60%, and the 0.5 M succinate, 0 to 40%) were resuspended in 0.2 ml of 10 mm Tris buffer, pH 8.1, containing 2 mM 2-mercaptoethanol and were dialyzed for 1 hr against several changes of this same buffer. DNA polymerase was present in the 0.1 M succinate fractions and RNA polymerase was present in the 0.5 M succinate solution. All enzyme preparations were assayed the day they were purified.
To determine the polymerase activities in KB cells infected with type 5 adenovirus, the enzymes were prepared by the method of Hopper, Ho, and Furth (22) . For this procedure, 60 to 120 million cells from a growing culture were removed by centrifugation and washed once with Tris-saline, pH 7.9. The cell extract was prepared in a manner identical to that previously described, except that the protamine precipitation and succinate elution steps were not employed. The 100,000 X g supernatant fluid was adjusted to 60% saturation with ammonium sulfate at pH 7.0, and the resultant precipitate was resuspended and dialyzed as described.
The enzymes obtained from infected and uninfected KB cells had the requirements and specificities as described by Hooper et al. (22) c A sample of each supernatant fluid was incubated with an equal volume of undiluted type 5 adenovirus antiserum for 1 hr at 37 C; the precipitate was sedimented, and the supernatant fluid was assayed for radioactivity (unassociated DNA).
labeled DNA could not be recovered in purified viral progeny (Bello, Lawrence, Levine, and Ginsberg, unpublished observations). However, viral DNA, which is extracted from infected cells as a nucleoprotein, is also soluble in 0.15 M NaCl (16) .
Characterization of the assay used to demonstrate binding of antigen with DNA. The data described (Table 1) imply that viral protein and host-cell DNA readily complex in vitro, possibly within the infected cell. Several attempts to prevent in vitro binding, so that the possible intracellular association could be studied, proved unsuccessful. Therefore, an investigation of the properties of the in vitro binding reaction was undertaken on the premise that it would reflect the association of antigen and DNA which might occur in vivo. Table 2 summarizes the results of experiments carried out to establish the validity of the assay used to measure the binding of the viral proteins to DNA. The data demonstrate that incubation of antigen and antibody, before the addition of DNA, resulted in a greatly reduced precipitation of labeled DNA; that the maximal combination of DNA with viral antigens required that the protein be incubated with DNA before the addition of antiserum; and that incubation of purified DNA 0.01 to 0.1 M, the association of either antigen with KB cell DNA was markedly reduced. Identical results were obtained with viral DNA. The ranges of ionic strength used in this experiment had no effect on the antigen-antibody precipitation reaction.
Experiments to determine the effect of pH on the binding of the two viral proteins to KB cell DNA were carried out at a constant ionic strength (0.005 M NaCl). The results (Fig. 3 ) indicated that over a pH range from 6.3 to 8.4 differences in the ability of the fiber antigen to associate with DNA could not be detected. However, the association between hexon and nucleic acid was decreased below pH 7.5. This decrease in binding of the hexon antigen at lower pH values was unexpected. The predicted effect of lowering the pH would be to increase the net positive charge of the protein and therefore to enhance the association. The reason for this unusual result remains obscure. The ranges of pH used in this experiment did not effect the antigen-antibody reaction, and identical results were obtained whether the antiserum was dialyzed before its use, precipitated with 40% ammonium sulfate and dialyzed, or remained untreated.
Reversibility of the antigen-DNA complex. The dissociation of antigen-DNA complexes was tested to ascertain whether or not the antigen-DNA complex was reversible and to obtain further evidence on the nature of the bonding between DNA and viral protein. Antigen (150 ,ug/ml) was incubated with labeled KB cell DNA (7.2 ,ug/ml) for 10 min at 37 C. A sample of this reaction mixture was diluted fivefold in 0.01 M NaCl or 0.4 M NaCl and incubated at 37 C for 10 min. Antiserum was then added, and the percentage of DNA bound by protein was determined. The data presented in Table 3 indicate that both fiber and hexon antigens were reversibly bound to DNA. During the 10-min period in which dissociation was permitted, the hexon-DNA complex was reversed more efficiently than the fiber at the lower salt concentration. At a Antigen (150 jg/ml) was incubated with '4C-labeled KB cell DNA (7.6,ug/ml) for 10 min at 37 C. A sample of this reaction mixture was diluted into 0.01 or 0.4 M NaCl and incubated at 37 C for 10 min. The percentage of DNA bound by the viral protein was determined as described in Table 2 .
tions, since greater than 95% of the antigen was precipitated with antiserum at the diluted protein concentration (30 ,g/ml).
Effect of the secondary structure of the DNA on the formation of the protein-DNA complex. Denatured viral or KB cell DNA, heated at 100 C for 5 min and rapidly cooled, and the native DNA preparations were compared for the ability of each to bind antigen. The data (not presented) clearly indicated that there was not a significant difference between native and denatured DNA. The results were similar when either fiber or hexon antigen and viral or host cell DNA were employed. Effect of fiber and hexon antigens on RNA polymerase activity. Since the fiber and hexon antigens combine with KB cell and viral DNA, it was postulated that these viral capsid proteins could block the template function of DNA and thus inhibit polymerase activity. The results of an experiment to test this hypothesis with RNA polymerase (Table 4) indicated that enzyme activity was reduced by both fiber and hexon proteins and that on a weight basis the fiber was a more effective inhibitor than the hexon. The fiber protein inhibited Escherichia coli and KB cell RNA polymerases equally.
The data presented (Table 4) imply that the antigens inhibited RNA polymerase activity because they complexed with DNA and prevented it from functioning as a template. If this interpretation is correct, the addition of more DNA to the reaction mixture should decrease the inhibition. The results of an experiment designed to test this prediction (Fig. 4) indicated that with increasing concentrations of primer DNA, at constant enzyme and antigen concentrations, there were comparable increases in uridine monophosphate (UMP) incorporation into an acidprecipitable form. The results of this experiment also confirm the findings that the enzyme preparation employed was completely DNA-dependent; that in the absence of antigen RNA polymerase activity increased linearly with increasing DNA concentrations up to about 26 ,ug/ml of DNA; and that the addition of fiber or hexon antigen had an inhibitory effect on the incorporation of UMP.
The inhibition of RNA polymerase activity by fiber or hexon proteins was identical whether the enzyme was obtained from infected (17 hr 3 -liter suspension cultures (220,000 cells/ml) of KB cells were used. One of these was infected at a multiplicity of 500 PFU/cell. Samples of 400 ml were taken at the start of the experiment and at intervals thereafter. Enzyme extracts were prepared by the procedure described in Materials and Methods, and RNA and DNA polymerase activities were assayed in the same ceH extracts. At about 15 hr after infection, RNA polymerase activity began to decrease (Fig. 5 ) and reached about one-third the control value by 31 hr after infection. The activity of DNA polymerase 15 to 20 hr after infection (Fig. 6 ) began to decrease. By 31 hr postinfection, the specific activities of DNA polymerase in infected cell extracts were only about one-third of the controls. Green et al. (19) found a decrease in DNA polymerase of about 30%c in cells 24 hr after infection with type 2 adenovirus.
DiscUSSION
A capsid protein of the adenovirus particle, the fiber, can halt biosynthesis of macromolecules in the host cell and through this mechanism reduce the propagation of adenoviruses as well as 0 hr. Samples of400 ml were taken from the infected and uninfected cultures at the indicated times, the cells were fractionated, and the RNA polymerase was assayed (see Table 6 ). The Table 6 . unrelated viruses (25) . These findings and the fact that the fiber antigen is a basic protein suggested that it might combine with nucleic acids, similar to histones and other basic proteins, and in this way exert its biological activity. (3, 23) . However, the quantity of adenovirus proteins (i.e., the protein-DNA ratios on a weight basis) required to inhibit polymerase activities is higher than for histones or the T2 internal protein (3, 4, 20, 23 (15, 18) . These data probably reflect the fact that the optimal rate of biosynthesis of host-cell macromolecules is replaced by an equal rate of production of virus-specific nucleic acids in infected cells (15) . The specific activities of both enzymes actually decrease 15 to 20 hr after infection. This decrease in enzymatic activity probably results from (i) cessation of host-cell protein synthesis 16 to 20 hr after infection (5), or (ii) inhibition of the enzymatic activities of the polymerases owing to the synthesis and accumulation of viral structural proteins (only relatively crude enzyme extracts were employed for these experiments).
Since the fiber proteins can block intracellular DNA, RNA, and protein synthesis (25) , and both the fiber and hexon proteins can associate with DNA and inhibit DNA and RNA polymerase activities in vitro, it is tempting to speculate on the possible regulatory roles of these viral capsid proteins in adenovirus-infected cells. Biosynthesis of host DNA is blocked about 8 hr after infection with type 5 adenovirus, about the time that viral DNA synthesis commences and several hours before the viral capsid proteins are produced (15) .
Relatively large amounts of hexon or fiber protein were required to inhibit DNA and RNA polymerases in vitro. Hence, it seems unlikely that the capsid proteins of the infecting virions could effect the interruption of host DNA synthesis directly unless there are preferred sites for binding or increased efficiency of binding to the native host DNA intracellularly. On the other hand, the biosynthesis of host RNAs begins to decline about 16 hr postinfection and after viral capsid proteins have begun to accumulate within nuclei of infected cells (15) . At approximately the same time, synthesis of viral DNA and of virus-specific messenger RNA are also stopping.
Therefore, inhibition of host RNA production does not require a highly specific reaction, and it is possible that the accumulation of large quantities of the viral fiber and hexon proteins could induce this suppression of DNA and RNA synthesis by complexing with both host and viral DNA intracellularly as it does in vitro. Thus, infection supplies to a cell viral subunits which, like histones, may potentially affect cell functions.
It should be pointed out that the presence of large quantities of viral antigens in the nuclei of infected cells does not a priori mean that the viral proteins associate with nucleic acids in vivo. There may be compartmentalization or other structural features of the cell nucleus which could prevent such interactions. However, numerous electron microscopic studies of adenovirusinfected cells fail to reveal compartmentalization or other unique geographic features in the infected nuclei.
